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Selection by higher- order effects of salinity and bacteria on 
early life- stages of Western Baltic spring- spawning herring





















herring	 are	 supposedly	 adapted.	We	hypothesized	 that	 herring	 populations	 do	 not	
only	have	to	cope	with	different	salinity	 levels	but	that	they	are	simultaneously	ex-











line	 marine	 waters	 in	 the	 Baltic	 Sea,	 such	 interactions	 may	 constitute	 key	 future	
stressors.
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habitats;	Johannesson	&	André,	2006).	Bottlenecks	are	 imposed	on	
those	animals	 living	at	 the	edge	of	 their	 species	distribution	 result-
ing	in	populations	adapted	to	the	extreme	environmental	conditions	
at	 the	 cost	of	 a	decreased	genetic	diversity	 (Johannesson	&	André,	







&	 Ebert,	 2004).	As	 often	 abiotic	 and	 biotic	 factors	with	 interactive	
or	even	opposing	impact	structure	a	habitat,	the	outcome	of	the	im-














Epigenetic	 are	 not	 only	 involved	 in	maternal	 effects	 but	 also	 in	
the	 nongenetic	 transfer	 of	 environmental	 experiences	 from	 fathers	
to	 offspring	 (Ashe	 &	 Whitelaw,	 2007;	 Roth,	 Klein,	 Beemelmanns,	
Scharsack,	&	Reusch,	 2012)	with	 potentially	 strong	 impact	 on	 early	
life-	stages	(Carr	&	Kaufman,	2009;	Rice	et	al.,	1993;	Rossiter,	1996).	
Parental	experience	could	thus	speed	up	offspring	adaptive	response	
to	 novel	 environmental	 conditions	via	 a	 combination	 of	 epigenetics	
and	 sex-	specific	 inheritance.	 While	 paternal-	specific	 inheritance	 
affects	larval	length	in	herring	(Bang,	Gronkjaer,	Clemmesen,	&	Hoie,	
2006)	 and	 hatching	 success	 in	 haddock	 (Rideout,	 Trippel,	 &	 Litvak,	
2004)	and	Atlantic	cod	(Kroll,	Peck,	Butts,	&	Trippel,	2013),	maternal-	
specific	 inheritance	 impacts	 egg	 and	 larval	 size	 across	 various	 fish	 


























an	adaptation	 to	 the	 lower	 salinity	 levels	 at	 the	cost	of	 a	 lower	ge-
netic	diversity	than	Atlantic	populations,	as	imposed	by	a	tremendous	
bottleneck	 (Johannesson	&	André,	 2006).	 Examples	 for	 adaptations	
to	 low	 salinity	 conditions	 include	 a	 shift	 in	 buoyancy	 level	 of	 cod	
eggs,	which	prevents	them	from	sinking	into	oxygen-	depleted	depths	
(Petereit,	Hinrichsen,	 Franke,	&	Koster,	 2014).	 In	 flounder,	 different	
gene	expression	patterns	were	found	between	Baltic	and	North	Sea	
populations	(Larsen	et	al.,	2007).	All	these	adaptive	responses	resulted	










(Colwell	&	Grimes,	1984).	 It	was	 also	 found	and	 isolated	 in	Atlantic	
herring	(Clupea harengus)	(Bullock,	1977;	Kennedy	&	Farrell,	2008),	a	
key	species	in	the	Baltic	Sea	from	an	ecological	and	economical	(fish-
eries)	 perspective.	Atlantic	 herring	 invaded	 the	 Baltic	 Sea	 from	 the	
North	Sea	subsequent	to	the	last	glaciation,	and	since	then	underwent	
adaptation	to	 low	saline	conditions	 (Johannesson	&	André,	2006).	A	





lations	 (Ruzzante	et	al.,	2006).	 In	 the	Baltic	Sea,	herring	populations	
seem	 genetically	 structured	 according	 to	 the	 salinity	 level	 in	 their	
spawning	grounds,	 rather	than	to	geographical	distances	 (Bekkevold	





This	 study	 aimed	 to	 experimentally	 address	 adaptation	 to	 salin-
ity	and	bacterial	virulence	at	spawning	grounds	in	two	populations	of	
Atlantic	 herring	 (Clupea harengus)	 spawning	 along	 the	Baltic	 salinity	
gradient.	Herring	of	two	populations	were	crossed	within	and	between	








a	 shift	 in	 the	 interaction	of	 abiotic	 (salinity)	 and	biotic	 (Vibrio	 infec-
tion)	 factors.	With	 the	 exposure	 to	 a	 high	 salinity,	which	 resembles	
North	Sea	conditions,	we	aimed	to	assess	how	herring	cope	with	the	
environmental	 condition	 of	 their	 phylogenetic	 origin.	 By	 comparing	
within-	and	between-	population	crosses,	the	influence	of	sex-	specific	
inheritance	and	epigenetics	for	adaptation	to	adverse	environmental	
conditions	 was	 assessed.	We	 elucidated	 whether	 populations	 from	
less	saline	habitats	are	better	in	coping	with	a	pathogen	compared	to	
populations	from	higher	saline	waters	due	to	adaptation	to	enhanced	





54°20.368′/E	 9°44.965′)	 has	 a	 low	 salinity	 level	 of	 approximately	
















DfDm	 (K	=	Kiel,	D	=	Danish,	 f	=	female,	m	=	male).	We	 exposed	 the	
fertilized	eggs	of	each	cross	 to	 three	different	 salinity	 levels,	7	and	
20	PSU	correspond	to	the	two	study	locations	and	28	PSU	served	as	
the	original	salinity	resembling	North	Sea	conditions.	The	procedure	
of	 fertilization	was	conducted	as	 follows:	 the	sperm	were	activated	
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(Danish	male	at	20	PSU,	Kiel	Canal	male	at	7	PSU)	to	ensure	an	op-
timal	activation.	Always	two	slides	with	unfertilized	eggs	were	put	in	




other	 10	min	 in	 a	 disinfection	 bath	 containing	 an	Actomar	 solution	
(20	mL	Actomar/1L	saltwater)	to	minimize	the	risk	of	fungal	infection.	
Each	treatment	tank	was	replicated	eight	times,	resulting	in	96	tanks	
(12	 treatments	×	8	 replicates).	One	male	and	one	 female	 from	each	
location	were	used	for	all	four	crossings	of	one	replication	level.	The	
climate	chamber	was	kept	for	the	whole	experiment	at	8°C	and	low	
















treatment	was	set	at	a	 time	point	where	 the	 larvae	were	still	 in	 the	
yolk-	sac	stage,	which	implies	that	they	had	not	switched	to	exogenous	
feeding	yet	but	had	already	developed	a	mouth	gap.	This	time	point	
was chosen as Vibrio spp.	infections	are	most	likely	invading	the	host	
via	the	gut	(other	possible	entries	are	also	gills	and	anus	(Laurencin	&	
Germon,	 1987)).	 From	 each	 tank,	 forty	 larvae	were	 transferred	 and	
divided	into	two	plastic	beakers	(6	dl)	filled	with	the	corresponding	sa-
linity	level	(20	larvae	per	beaker).	One	beaker	served	as	a	control,	and	
in	the	second	beaker,	Vibrio spp. was added. The Vibrio spp. treatment 
was	conducted	with	a	strain	that	was	foreign	to	all	populations.	We	
are	aware	that	with	the	use	of	sympatric	Vibrio	strains,	we	would	likely	












and	 the	 supernatant	 removed.	The	bacteria	pellet	was	 resuspended	
in	autoclaved	seawater	 (7,	20	and	28	PSU)	according	 to	 the	salinity	
treatment	in	the	beakers,	yielding	a	concentration	of	109 bacteria cells 
per	mL.	 Finally,	 5	mL	 of	 the	 bacteria	 suspension	was	 added	 to	 the	
Vibrio	 treatment	 beaker	 generating	 a	 concentration	 of	 107	 cells	 per	
mL,	respectively,	and	5	mL	of	autoclaved	seawater	was	added	to	the	
control	beakers.	24	hr	after	the	Vibrio	treatment,	15	larvae	from	each	





2.2 | Genes of interest and primer design
Published	 and	 assembled	 herring	 transcriptome	 data	 were	 used	
to	 find	 suitable	 candidate	 genes	 for	 the	 gene	 expression	 analysis	




to	 a	 blast	 database	 using	 the	 software	 BLAST	 (NCBI).	 Sequences	
(query)	from	all	genes	found	on	NCBI	were	blasted	against	the	herring	
























following	PCR	conditions:	10	min	 at	95°C,	16	 cycles:	 15	 s	 at	95°C,	
4	min	 at	 60°C.	 Thereafter,	 PCR	 products	 were	 diluted	 1:20	 with	
EDTA-	TE	buffer.	To	 load	the	chip,	an	assay	mix	of	0.7	μL	of	50	μM 
primer	pair	mix,	3.5	μL	2xAssay	loading	reagent	(Fluidigm)	and	3.15	μL	
1xlow	 EDTA-	TE	 buffer	 was	 prepared.	 The	 sample	 mix	 contained	
3.3 μL	preamplified	cDNA,	3.5	μL	2xSsoFast	EvaGreen	Supermix	with	
















HSD)	 elucidated	 the	 significant	 differences	 between	 factor	 levels.	
The	survival	data	contained	no	censored	data,	and	survival	rates	were	
estimated	using	 the	Kaplan–Meier	method	according	 to	 the	 factors	









CV	gives	an	 indication	how	precise	a	measurement	 is,	and	 if	CV	 is	
>	 0.04,	 the	 value	 is	 falsified	 by	 a	 measurement	 error	 (Bookout	 &	
Mangelsdorf,	 2003).	 Missing	 data	 points	 (2.4%	 of	 total	 data)	 and	








Agnan,	 2014)	 based	 on	Mahalanobis	 distance.	 First	 a	multivariate	




(salinity	 level,	 maternal	 and	 paternal	 origin	 and	 Vibrio	 treatment).	
For	 visualization,	 principal	 component	 analysis	 (PCA)	 plots	 were	




effect	 in	 the	multivariate	approach	are	discussed.	To	elucidate	 the	




Maternal	 origin	 (p < .01)	 and	 salinity	 (p < .001)	 as	well	 as	 the	 inter-










Larvae	hatched	earlier	at	 lower	salinity	 (Table	1;	salinity:	p < .001; 7 
PSU:	 17.6	±	0.17	 (mean±SEM)	 days	 postfertilization	 (dpf)	<	20	 PSU:	





Fertilization rate Hatching time Hatching rate
Df F value p- value F value p- value F value p- value
Maternal 1 9.092 .0034* 3.408 .0692	 21.950 <.001*
Paternal 1 0.406 .5261 2.181 .1443 0.151 .699
Salinity 2 41.643 <.001* 62.522 <.001* 0.420 .659
Maternal*Paternal 1 0.396 .5309 2.544 .1153 0.415 .522
Maternal*Salinity 2 0.587 .5584 3.116 .0506	 0.148 .862
Paternal*Salinity 2 4.659 .0123* 0.942 .3946 1.475 .235
Maternal*Paternal*Salinity 2 1.056 .3529 0.050 .9509 1.880 .16
Residuals 77 69 77
*Denotes	a	significant	result	(p < .05).






Vibrio exposure	 as	 well	 as	 salinity	 affected	 larval	 survival	 (propor-
tional	 hazard	 likelihood	 ratio	 test,	Vibrio: p < .001,	 salinity:	 p < .05).	
We	 identified	 a	 significant	 interaction	 of	 Vibrio*salinity	 (p < .001),	
maternal	origin*salinity	(p < .05)	and	paternal	origin*salinity	(p < .05),	
and	 in	 addition	 a	 significant	 three-	way	 interaction	 of	 maternal	
origin*salinity*Vibrio	(p < .01;	Table	2).	If	we	only	consider	the	abiotic	
and	biotic	main	effect,	we	may	conclude	that	larvae	reared	in	7	PSU	
lived	 longer	 than	 those	 reared	 at	 28	 PSU	 and	 that	Vibrio	 infection	




Appendix	 S2:	 Table	 S2),	 and	 even	 enhanced	 survival	 at	 28	 PSU.	 In	
20	PSU	crosses	with	Danish	males	survived	longer	than	crosses	with	
Kiel	males	(Appendix	S2:	Fig.	S1).	In	20	PSU,	larvae	from	crosses	with	
a	 Kiel	 female	 coped	 better	with	 the	 bacterial	 stress	 as	 larvae	 from	




F IGURE  3  Interaction	of	paternal	origin	and	salinity	on	
fertilization	rate	(box-	whisker	plot).	7	PSU	(grey),	20	PSU	(white)	and	
28	PSU	(black).	D=Danish	male,	K=Kiel	male
















F I G U R E  4 Effect	of	salinity	(7,	20	and	28	PSU)	on	hatching	time	
(box-	whisker	plot).	Hatching	in	days	postfertilization	(dpf)














F I G U R E  5 Effect	of	maternal	origin	on	hatching	rate	in	%	(box-	
whisker	plot).	Crossing	with	a	Danish	female	(DfDm,	DfKm)	in	grey,	
crossing	with	a	Kiel	female	(KfKm,	KfDm)	in	white


















F I G U R E  2 Effect	of	salinity	(7,	20	and	28	PSU)	on	fertilization	
rate	(box-	whisker	plot)
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3.5 | Gene expression
With	the	geNorm	algorithm	of	the	Qbase+	software	(Biogazelle),	two	





level	 (Appendix	S3:	Table	S1),	which	 corresponded	 to	 a	 total	 of	82	
samples	(six	samples	were	detected	as	outliers	and	excluded	accord-
ing	 to	Mahalanobis	distance	as	described	 in	 the	 statistical	 analysis).	
The	PERMANOVA	over	 the	whole	data	 set	 (all	30	genes)	yielded	a	
significant	main	effect	of	maternal	origin	(p < .05)	on	gene	expression	




different	 expression	 profile	 representing	 the	 impact	 of	 maternal	
origin	 (Figure	7).	The	PERMANOVA	over	all	 functional	gene	groups	
(immune	 genes,	 epigenetic	 genes,	 osmoregulation	 genes,	 stress	
genes,	cell	function	genes)	yielded	significant	main	effects	of	mater-
nal	 origin	 on	 “immune	 genes”	 (p < .01),	 “epigenetic	 genes-	silencing”	




osmoregulation	 genes	 a	 similar	 clustering	 of	 maternal	 origin	 as	 al-
ready	described	for	 the	approach	 including	all	genes	 (Figure	8a,b,d),	
again	larvae	from	Danish	mothers	were	distinct	from	larvae	from	Kiel	
mothers,	 independent	 of	 the	 paternal	 origin.	 Larvae	 kept	 at	 7	 PSU	




The	 univariate	 analyses	 identified	 that	 the	 expression	 of	 eight	
genes	 drives	 the	 effects	 in	 the	 functional	 gene	 groups	 (ANOVA).	
The	immune	gene	CC3	was	downregulated	in	crosses	with	a	Danish	
















The	 Western	 Baltic	 spring-	spawning	 herring	 reproduces	 in	 areas	
with	different	salinity	levels	and	is	able	to	cope	with	low	saline	con-
ditions.	We	 identified	an	 induced	performance	of	 larvae	 from	 two	
Baltic	Sea	herring	populations	in	low	saline	waters	(resembling	Baltic	




Proportional hazard likelihood ratio test 
Factor df
Survival analysis
 Chi- square p- value
Vibrio 1 18.755 <.001*
Maternal 1 0.818 .3659
Paternal 1 1.454 .2279
Salinity 2 6.721 .0347*
Maternal*Vibrio 1 0.017 .8952
Paternal*Vibrio 1 0.035 .8525
Maternal*Paternal 1 0.253 .615
Vibrio*Salinity 2 13.068 .0015*
Maternal*Salinity 2 8.732 .0127*
Paternal*Salinity 2 6.0281 .0491*
Maternal*Paternal*Vibrio 1 1.3445 .2462
Maternal*Salinity*Vibrio 2 9.6142 .0082*
Paternal*Salinity*Vibrio 2 2.4152 .2989
Maternal*Paternal*Salinity 2 2.2007 .3327




Vibrio treatment on mortality







and	 in	 the	novel	 salinity	 (7	PSU).	The	hydrological	 features	defining	
the	two	locations	may	answer	why	the	fertilization	optimum	of	Danish	
F I G U R E  6 Salinity	effect	on	median	survival	curves	(Kaplan–Meier	curve)	in	control	(left	panel)	and	Vibrio	treatment	(right	panel);	7	PSU	
(black	solid	line),	20	PSU	(grey	solid	line)	and	28	PSU	(dotted	line).	Survival	in	%	(1.0	=	100%),	Day	0	represents	starting	point	of	Vibrio treatment 
(equals	4	days	postfertilization)











































all genes (30) immune (11) epigen- activ (4) epigen- silen (2) osmo genes (4) basic (3)
R2 p- value R2 p- value R2 p- value R2 p- value R2 p- value R2 p- value
M aternal 1 .038 .016* .064 .002* .031 .086 .058 .027* .004 .673 .047 .030*
Paternal 1 .016 .24 .004 .871 .007 .585 .026 .128 .028 .113 .012 .389
Vibrio 1 .008 .646 .005 .855 .007 .562 .005 .567 .017 .211 .003 .779
Salinity 1 .011 .465 .016 .285 .002 .924 .007 .482 .021 .179 .001 .916
Maternal*Paternal 1 .022 .121 .012 .381 .011 .397 .025 .141 .049 .034* .014 .315
Maternal*Vibrio 1 .004 .959 .003 .913 .005 .729 .004 .614 .001 .951 .007 .536
Paternal*Vibrio 1 .003 .994 .003 .972 .010 .452 .002 .761 .001 .915 .002 .907
Maternal*Salinity 1 .007 .764 .006 .728 .010 .42 .006 .465 .001 .935 .011 .406
Paternal*Salinity 1 .013 .36 .006 .775 .002 .926 .007 .08 .024 .175 .015 .296
Vibrio*Salinity 1 .016 .225 .018 .191 .051 .014* .038 .45 .002 .789 .012 .377
Maternal*Paternal*Vibrio 1 .003 .979 .006 .747 .003 .857 .005 .569 .002 .847 .002 .862
Maternal*Paternal*Salinity 1 .006 .776 .011 .428 .001 .96 .007 .455 .002 .896 .003 .845
Maternal*Salinity*Vibrio 1 .009 .521 .009 .572 .022 .143 .020 .204 .007 .482 .003 .78
Paternal*Salinity*Vibrio 1 .014 .31 .019 .191 .034 .064 .007 .462 .001 .881 .014 .293
Maternal*Paternal*Salinity*V
ibrio
1 .009 .576 .008 .589 .008 .536 .012 .352 .002 .872 .019 .214
Residuals 66
Total 81
The	group	of	 “stress	genes”	 is	not	shown,	as	 it	contains	no	significant	 result.	Number	 in	brackets	 indicates	number	of	genes	contained	 in	 that	group.	 
*denotes	a	significant	result	(p < .05).






















The	 original	 salinity	 level	 (North	 Sea	 salinity,	 28	PSU)	was	 used	
throughout	the	experiment	to	assess	how	the	two	populations	cope	
with	 the	 salinity	 conditions	 of	 their	 genetic	 origin.	 We	 found	 no	




hatching	time	 in	Pacific	herring	 (Clupea pallasi)	and	found	a	delay	at	
the	highest	salinity.	The	reason	for	this	delay	could	 lie	 in	a	resource	
allocation	 trade-	off,	as	more	energy	 is	needed	 to	maintain	 the	 ionic	
balance,	and	 therefore,	 less	energy	 is	available	 for	embryo	develop-
ment	(Griffin	et	al.,	1998).	In	this	study,	most	tanks	were	lost	at	28	PSU	
(eight	tanks	out	of	96	tanks),	as	fertilization	was	zero	or	full	batches	
of	 larvae	did	not	hatch.	The	 larvae	 that	hatched	at	 this	high	salinity	
died	earlier	(Fig.	6,	left).	All	these	findings	indicate	an	approach	of	the	
effective	 upper	 salinity	 tolerance	 limit	 for	 embryo	 development	 of	
Western	Baltic	herring.	Colonization	of	fishes	from	the	North	Sea	to	
the	Baltic	Sea	is	thought	to	have	occurred	mainly	during	the	Littorina	




Baltic	 spring-	spawning	 herring)	 adapted	 to	 the	 lower	 Baltic	 salinity	
ranges	in	several	early	life-	history	traits.
Hatching	 rate	 was	 driven	 by	 the	 maternal	 origin:	 more	 larvae	
hatched	 from	 crosses	 with	 a	 Kiel	 mother	 (within-	 and	 between-	
population	 crosses)	 than	 from	crosses	with	 a	Danish	mother.	While	
Kiel	Canal	eggs	may	in	general	have	a	higher	hatching	rate	than	Danish	
eggs,	 hatching	 rate	 could	 also	 be	 confounded	 by	 the	 experimental	
design.	 Kiel	 eggs	 were	 collected	 24	hr	 later	 than	 Danish	 eggs	 and	
may	 therefore	 be	 fresher	 and	 of	 better	 quality;	 however,	 according	




a	higher	 fertilization	 rate	 than	Danish	eggs.	Maternal	origin	also	af-
fected	 the	expression	of	 genes	 as	depicted	 from	 the	PERMANOVA	
over	all	genes,	showing	a	distinct	expression	pattern	for	 larvae	with	











elucidate	 three	main	 questions:	 can	we	 find	 higher-	order	 effects	 of	
interacting	 abiotic	 (salinity)	 and	biotic	 (Vibrio)	 factors;	 does	 parental	
origin	matter	 in	 the	 ability	 to	 cope	with	 a	 pathogenic	Vibrio bacte-
ria: and are Vibrio	bacteria	less	harmful	at	low	salinity	in	populations	
spawning	 at	 lower	 salinity	 level	 (e.g.,	Kiel	Canal,	 7	PSU).	Answering	
this,	we	can	elucidate	whether	adaptation	towards	low	salinity	is	ac-
companied	by	 resistance	evolution	 against	 potentially	more	virulent	
infections	at	lower	salinities.	Mortality	was	influenced	by	an	interac-
tion between Vibrio	and	salinity.	We	found	a	higher	mortality	of	Vibrio 
spp.	challenged	larvae	in	7	PSU	than	in	28	PSU.	As	the	larval	immune	
gene	expression	was	not	directly	influenced	by	the	Vibrio	infection	as	
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demonstrated	in	other	studies	(Birrer	et	al.,	2012),	the	high	mortality	
of	larvae	seems	to	be	caused	by	an	enhanced	virulence	of	the	chosen	









the	 treatments	with	bacteria	and	higher	 salinity	 (20C,	20V	and	7V). 
This	 indicates	 that	epigenetic	 factors	play	a	 role	 in	handling	 salinity	
and Vibrio	stress,	consistent	with	their	function	in	buffering	environ-
mental	 change	 (Bonduriansky,	 Crean,	 &	Day,	 2012).	The	 epigenetic	
















d = 0.5osmoregulation 
genes (4)  
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once	these	marks	become	genetically	assimilated,	they	may	fasten	the	
adaptation	 of	 populations	 towards	 abiotic	 and	 biotic	 environmental	
factors	(Jablonka	&	Lamb,	1998,	2015).



























during	 their	migratory	phase.	This	 can	 result	 in	 a	 diversified	 immune	
competence	and	immunological	memory	of	adult	herring	that	may	even	




Our	 data	 are	 consistent	 with	 an	 adaptation	 of	 Western	 Baltic	
spring-	spawning	 herring	 towards	 the	 low	 salinity	 level	 in	 the	 Baltic	
Sea.	Moreover,	we	detected	a	sex-	specific	driver	(paternal	origin)	for	





among	many	other	 abiotic	 factors	 such	as	CO2	 partial	 pressure	and	
temperature,	 also	 freshwater	 impact	 and,	 hence,	 salinities	 are	 pre-
dicted	to	change	also	on	a	global	scale.
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